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In the latest issue of Cell, John Kuriyan and his colleagues
at Rockefeller University [1] have presented us with the
crystal structure (to 2.3 A resolution) of the proliferating
cell nuclear antigen (PCNA) protein of the yeast Sacchar-
omyces cerevisiae. This protein has functional (and struc-
tural) analogs in most higher and lower organisms, and is
essential for the proper function of several polymerases,
including the DNA replication polymerase 8 [2], in
eukaryotes. The beautiful structure that these workers
have revealed consists of three identical protein subunits,
containing a total of six structural domains, which
together comprise a ring with just the right size, shape,
and charge distribution to stably encircle the DNA
double helix. That the protein actually does this has
been shown biochemically [3,4] and by cryoelectron
microscopy [5] with the yeast PCNA protein and its
Escherichia coli and T4 analogs.
The elucidation of the PCNA protein structure, coupled
with that of the virtually identical ring structure of the 3
subunit of polymerase III from E. coli (solved by the
Kuriyan group in collaboration with the O'Donnell
group at Cornell [6]), will certainly earn these workers
the title of 'lords of the rings', at least in molecular biol-
ogy circles. More importantly, however, these two stud-
ies, together with the very extensive functional and
physico-chemical information available for these proteins
and the analogous gene 45 protein (gp45) of bacterio-
phage T4, provide a significant insight into a mechanism
central to biology, which has apparently been preserved
virtually unchanged across a large portion of the evolu-
tionary spectrum.
Polymerases are the central components of all biological
processes that involve template-directed nucleic acid
synthesis (for example, replication, transcription, recom-
bination, repair and retrovirus integration). Some poly-
merases are only capable of synthesis (such as the
eukaryotic polymerase 3). Others may in addition carry
covalently linked protein domains that provide related
functions, such as DNA editing (for example, as carried
out by a 3' to 5' nuclease), strand displacement and ex-
cision of DNA (for example, as carried out by a 5' to 3'
nuclease) or excision of complementary RNA sequences
(a ribonuclease H activity).
To fulfill their biological roles, these polymerases must
function in a highly processive manner. In other words a
single binding event (at an origin of replication, a pro-
moter, or a recombination or repair site) should generally
result in the synthesis and editing of an entire DNA
strand, RNA transcript, or DNA patch. Such processivity
can be introduced into systems, such as transcription, by
simply making the ternary complex of DNA template,
polymerase, and nascent RNA intrinsically very stable
and providing a special mechanism to destabilize the
complex at characterisitic terminator sequences so that
synthesis can be discontinued at defined template posi-
tions. However, in DNA replication (and perhaps in
DNA repair) the problem is more complex, because lag-
ging-strand synthesis must be both processive and discon-
tinuous to ensure that 5' to 3' replication can proceed
locally in opposite directions on both template strands
and yet stay within the bounds of the replication fork as it
moves along the chromosome. To this end, processive
lagging-strand synthesis must be periodically terminated
to permit recycling of the lagging-strand polymerase
within the replication fork without triggering disso-
ciation of the entire complex. As a consequence, fully
processive synthesis must alternate with programmed
polymerase release in lagging-strand synthesis. It is possi-
ble that the protein rings described by Kuriyan and
coworkers [1] may have evolved to facilitate this process.
Replication polymerases, acting without the other com-
ponents of the replication complex, synthesize DNA
essentially dispersively in vitro at the high salt concentra-
tions characteristic of the physiological milieu. Unlike
RNA polymerases, these polymerases will dissociate from
the DNA template after virtually each cycle of nucleo-
tide addition [7]. Adding a single nucleotide residue to
the growing DNA chain involves a number of steps,
including binding of the next required nucleotide, phos-
phodiester bond formation, pyrophosphate release and,
for processive synthesis, translocation of the polymerase
active site along the DNA template so that the cycle can
be repeated at the next nucleotide position. In the course
of this process the polymerase may be in more than one
conformation; during translocation, in particular, the
polymerase may be held to the DNA template largely by
electrostatic interactions that are relatively weak at in vivo
salt concentrations [7,8]. The addition of a defined and
homologous set of polymerase accessory proteins and
ATP to the polymerase-DNA system appears to cancel
this salt sensitivity and make leading strand synthesis fully
processive [7].
In each of the replication systems described above, one
protein subunit associates to form the ring-like structures
described by Kuriyan and coworkers [1], and it is these
rings that interact with the homologous polymerases,
perhaps as collar-like structures that encircle the DNA
and 'lock' the polymerase to it to make replication pro-
cessive, as required. The two processivity rings from yeast
and E. coli, the structures of which are now known in
detail [1,6], are very much alike (Fig. 1) and cryoelectron
microscopic and biochemical studies [5,9] suggest that
the structure of the T4 analog of these proteins is likely
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Fig. 1. Comparison of the ribbon struc-
tures of (a) a trimer of the yeast PCNA
processivity ring with (b) an equivalent
view of the ribbon structure of a dimer
of the E. coli 13 ring (both viewed from
above with a DNA molecule modeled
into the center). Strands of 3-sheet are
shown as flat ribbon and a-helices as
spirals. Individual monomers within
each ring are distinguished by different
colors. (Reproduced with permission
from [1,6].)
to be very similar. The E. coli 3 ring consists of a dimer
of three domain subunits, whereas the T4 gp41 and the
yeast PCNA rings form trimers of two-domain subunits.
We now know that the other accessory proteins of the
replication holoenzyme (for the T4 holoenzme these are
the gene 44/62 proteins) serve to 'load' these processivity
rings onto the DNA and the polymerase under physio-
logical conditions. This loading process is driven by the
binding and hydrolysis of ATP.
Recent experiments with gp41 have shown that the need
for ATP in the loading process can be bypassed by using
high concentrations of ring protein in the presence of
macromolecular crowding agents such as polyethylene
glycol. This demonstrates that the processivity rings them-
selves have the potential to load onto DNA at primer-
template termini and form specific complexes with the
homologous polymerases [10,11], although the uncat-
alyzed reaction is likely to be too slow and inefficient to
be feasible under in vivo conditions. The ATP-driven
accessory protein subassemblies introduce both speed and
polarity into the loading of these collar-like structures
onto the homologous polymerases at primer-template
junctions within the replication complex.
Any nice scientific result opens (or helps to define) at
least as many questions as it answers. In this case, in addi-
tion to revealing their intrinsic beauty, knowledge of the
detailed structures of the processivity rings makes several
important molecular and biological questions more
definitive and approachable. Firstly, how do the ATP-
driven accessory proteins function in placing the rings
onto the DNA at primer-template junctions? Clearly the
rings are not just slipped over the ends of the DNA as
closed rings, since they can also be loaded onto circular
(nicked) DNA molecules. Secondly, how are the rings
and polymerases released at the ends of Okazaki frag-
ments in lagging-strand DNA replication? Thirdly, how
are the rings and loading subassemblies then recycled to
continue lagging-strand synthesis within the ongoing
replication forks?
Finally, I note that the evolutionary range over which
this particular processivity device has been retained
suggests that it must be well suited for its purposes. An
indication that its purposes may be substantially larger
than just solving the lagging strand replication-processiv-
ity problem is suggested by the apparent involvement of
PCNA in the control of DNA repair, cell cycle control,
and perhaps even programmed cell death [12,13].
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